INTRODUCTION
============

In 1995 the Centers for Disease Control and Prevention and the American College of Sports Medicine published physical activity guidelines which stated that adults should accumulate 30 minutes of moderate intensity activity on most, preferably all, days of the week \[[@B1]\]. The concept of accumulating physical activity was novel at this time, but the guidelines included the caveat that the minimum duration of any one bout should be 10 minutes. Shortly after, the US National Institutes of Health \[[@B2]\] and the US Surgeon General\'s report \[[@B3]\] made similar recommendations and the concept of accumulation has been endorsed by the Department of Health in the United Kingdom \[[@B4]\]. Within all these guidelines a minimum exercise duration of 10 minutes has been recommended for individual activity bouts.

The latest US Physical Activity Guidelines define accumulation as, \"the concept of meeting a specific physical activity dose or goal by performing activity in short bouts, then adding together the time spent during each of these bouts\" \[[@B5]\]. The rationale behind the concept of accumulation for health is based on the assumption that the activities reported in many epidemiological studies, such as walking, stair climbing and gardening, are intermittent in nature \[[@B6]-[@B10]\]. A feature of many of these activities is that they can be accumulated throughout the day rather than being performed in one continuous bout. The nature of accumulating physical activity is distinct from intermittent exercise training where athletes use repeated bouts of high intensity work intervals to achieve improvements in exercise performance. Nonetheless, the definition of accumulation includes no statement on the intensity of physical activity or the time spent in each bout. Thus, there is considerable variation in the physical activity bouts used in studies examining the accumulation of exercise.

Evidence that accumulating activities translates into health benefits and the inclusion of accumulation as a recommendation into physical activity guidelines was not strongly supported initially \[[@B1],[@B11],[@B12]\]. Nevertheless, since the original guidelines were issued better evidence has emerged to support this concept. For example, a previous large prospective study indicates that accumulating short bouts of physical activity confers equal benefit in reducing coronary heart disease risk as performing one longer bout, provided that the total amount of energy expended is similar \[[@B13]\]. However, caution is required when interpreting the results of this study. The activity levels in this report are based solely on observation, therefore the precise activity patterns required to confer protection from cardiovascular disease are unknown. Another study investigated whether lifestyle physical activity improves cardiorespiratory fitness and blood pressure to a similar extent as structured exercise in sedentary men and women \[[@B14]\]. In the lifestyle physical activity group, participants were asked to accumulate at least 30 minutes of moderate-intensity physical activity (i.e., adapted to each individual\'s lifestyle) on most days of the week for 6 months and they were asked to maintain this activity for a further 18 months at the end of the initial six months. The structured exercise group received a \'traditional\' exercise prescription, performing exercise 20 to 60 minutes at a time at an intensity of 50% to 85% of maximum oxygen uptake for 3 to 5 days a week. After 24 months, both groups showed a significant reduction in resting systolic and diastolic blood pressure, and a significant improvement in physical activity and cardiorespiratory fitness. Murphy et al. \[[@B15]\] studied 21 middle-aged sedentary individuals over a 6-week period. In a randomised, cross-over design, participants performed brisk walking 5 days a week either in three 10-minute sessions throughout the day or one 30-minute session. The psychological parameters of tension/anxiety decreased in both groups. There were also favourable effects on blood lipids, body composition and cardiorespiratory fitness in both exercise programmes.

In addition, several intervention studies have investigated the issue of accumulating exercise for health \[[@B16]\]. The majority of these studies have reported that regular accumulated exercise confers a positive benefit on fitness, blood lipids, blood pressure, blood glucose, insulin and body composition. The findings from these studies are supportive of the concept that accumulating activity is beneficial to health. For specific details regarding these studies readers are referred to a relevant review article \[[@B16]\]. The purpose of the present review is to examine the effects of accumulating exercise on postprandial triacylglycerol (TAG) concentrations and to provide practical guidance for those wishing to engage in exercise that may lower TAG concentrations. The issue of accumulating exercise for health is important because if exercise sessions can be partitioned throughout the day there are possible applications for sedentary or older populations who might find it easier to perform shorter bouts of exercise rather than one long bout due to their low physical fitness levels.

A search was made using PubMed from December 1975 through February 2012 and 180 studies were located. Key words used in combination included \"postprandial triacylglycerol,\" and \"postprandial triglyceride,\" and \"exercise\". The search incorporated any article that was published in English and was cross-checked, and supplemented using the authors\' personal libraries. Criteria for inclusion in this review were: 1) the dependent variable was postprandial TAG concentration collected from humans, 2) studies were designed to compare the effects of exercise performed in one continuous bout with two or more accumulated bouts and a control resting condition, and 3) studies were designed to compare the effects of exercise performed in two or more accumulated bouts and a control resting condition. Criteria for exclusion of a study were: 1) short intermittent bouts of repeated exercise performed with short recovery (i.e., 1 to 10 minutes) and 2) exercise training studies. Nine studies met inclusion criteria from the 180 studies retrieved. One reference was added to this review since this study \[[@B17]\] was not available in PubMed at the time of publication. A summary of the 10 included studies is provided in [Table 1](#T1){ref-type="table"}.

EVIDENCE THAT THE POSTPRANDIAL STATE IS IMPORTANT TO ASSESS
===========================================================

In 1979, Zilversmit \[[@B18]\] proposed that atherosclerosis was a postprandial phenomenon. Good evidence now supports the notion that the impaired clearance of TAG-rich lipoproteins, namely chylomicrons and very low density lipoproteins, and increased hepatic secretion of very low density lipoproteins are a strong risk factor for coronary heart disease \[[@B19], [@B20]\]. Measurement of fasting TAG concentration does not necessarily provide the best index of TAG metabolic capacity, as the major catabolic pathway of TAG-rich lipoproteins occurs during the postprandial state \[[@B21]\]. Moreover, people spend most of their lifetime, up to three-quarters of each day, in the postprandial state. Thus, repeated daily episodes of increased concentrations of postprandial TAG, often termed postprandial lipaemia, and prolonged residence in the circulation of TAG-rich lipoproteins are considered a risk factor for cardiovascular disease \[[@B22],[@B23]\]. This notion is supported by the findings of case-control studies, which reveal that postprandial plasma TAG concentrations are higher in coronary heart disease patients than in healthy control participants \[[@B24],[@B25]\]. Large prospective cohort studies confirm that elevated non-fasting TAG concentrations are an independent risk factor for cardiovascular disease in men and women \[[@B26],[@B27]\]. In the Copenhagen City Heart Study the age-adjusted hazard ratio for myocardial infarction was 16.8 in women and 4.6 in men whose non-fasting TAG concentrations were ≥5.0 mmol/L compared with those whose values were \<1.0 mmol/L. Those ratios were attenuated (to 5.4 and 2.4, respectively) but remained significant after multivariate adjustment for confounding factors \[[@B26]\]. These findings are consistent with those of the US Women\'s Health Study \[[@B27]\]. Thus, it is important to consider lifestyle modifications which may be effective in reducing repeated daily episodes of exaggerated postprandial lipaemia.

THE IDEA FOR RESEARCH ON ACCUMULATED EXERCISE AND POSTPRANDIAL LIPAEMIA
=======================================================================

The contribution of a single bout of aerobic exercise in attenuating postprandial TAG concentrations has been known for some time (for a review of relevant studies see \[[@B28]\]). Although recent studies with adolescents conducted by Tolfrey and colleagues failed to identify a dose-dependent effect of the exercise-induced reduction in lipaemia \[[@B29],[@B30]\], it was established early on that energy expenditure was the most important determinant of the exercise-induced reduction in lipaemia in adults \[[@B31]\]. A study by Tsetsonis and Hardman \[[@B32]\] extended this finding and paved the way for the concept that accumulated exercise might influence postprandial lipaemia. They observed similar reductions in postprandial TAG concentrations after participants walked on a treadmill for one long session (180 minutes) at a low intensity (32% of maximum oxygen uptake) and one shorter session (90 minutes) at a moderate intensity (63% of maximum oxygen uptake) with an equivalent energy expenditure \[[@B32]\]. The findings from this study suggested that the total energy expenditure of exercise, and not exercise intensity, was the key to lowering postprandial TAG concentrations. This finding was pivotal as it suggested that other factors in the exercise prescription, such as intensity and duration, were of minor importance compared with energy expenditure for reducing postprandial lipaemia. Moreover, the logical progression of the finding is that the pattern of energy expenditure is also probably unimportant compared with total energy expenditure. Substrate contributions during exercise, which are determined by exercise intensity, do also not appear to be an important consideration, as suppression of exercise-induced lipolysis by acipimox does not affect the exercise lowering of postprandial TAG \[[@B33]\]. Collectively, these findings suggest that if exercise sessions can be partitioned throughout the day there are possible applications for sedentary populations who might find it easier (due to their low physical fitness levels) to perform shorter bouts of exercise rather than one long bout. However, it is important to recognise that performing multiple bouts of low-moderate intensity exercise to accumulate sufficient energy expenditure may also be challenging for unfit adults to achieve. Thus, investigation of a minimum threshold of energy expenditure from exercise for lowering postprandial lipaemia could have public health implications. Clarity on this threshold could provide practical guidance to the general public which could assist with exercise adherence. In one study self-report data revealed that overweight women who accumulated short bouts of exercise, with a minimum duration of 10 minutes per session, had better exercise adherence than women who did longer bouts of exercise over 20 weeks of intervention \[[@B34]\].

EMPIRICAL STUDIES ON ACCUMULATED EXERCISE AND POSTPRANDIAL LIPAEMIA
===================================================================

The studies which have examined whether accumulating exercise can reduce postprandial lipaemia are summarised in [Table 1](#T1){ref-type="table"}. Reductions in postprandial lipaemia with exercise are transient and rapidly lost with detraining \[[@B35],[@B36]\], so all of the studies reported have examined the acute effect of accumulated exercise on TAG concentrations. The reduction in TAG with exercise may be mediated through an increase in skeletal muscle lipoprotein lipase activity, which enhances the uptake of TAG into previously exercised muscle \[[@B37]\], and/or a reduced rate of secretion of hepatic very-low-density lipoprotein (VLDL)-TAG \[[@B38]\]. It is important to note that exercise needs to be performed frequently for continued benefit. The majority of these studies have reported that accumulated exercise confers a positive benefit by reduced circulating concentrations of postprandial TAG. For example, in our previous study, we examined the effect of accumulating a large volume (4.18 MJ=1000 kcal) of exercise in short (6 minutes) bouts performed throughout the day on postprandial TAG concentrations in young healthy men \[[@B17]\]. These bouts of running lowered postprandial TAG concentrations by 18% the next day compared with a control resting condition. We subsequently found that accumulating short 5-minute bouts of running for a total of 30 minutes on the same day as test meals are consumed also lowers postprandial TAG concentrations in healthy young men \[[@B39]\]. The total energy expended during exercise was 1.76 MJ (420 kcal) and postprandial TAG concentrations were reduced by 10% compared with a resting control condition.

Only one study has examined the effect of accumulating resistance exercise on postprandial lipaemia \[[@B40]\]. We investigated how performing multiple bouts of light resistance exercise over the course of a day might affect postprandial lipaemia in 24 young, healthy adult males \[[@B40]\]. On day 1 of the exercise trials participants completed five, 45-minute bouts of resistance exercise. Each bout comprised 20 sets of 15 repetitions of 5 different resistance exercises. Across the five, 45-minute bouts a total of 100 sets and 1500 repetitions were completed. Exercises were performed at 30% to 40% of 1-repetition maximum. On the control trial participants rested on day 1. On day 2 of each trial participants consumed a high fat test meal. The total area under the postprandial TAG concentration versus time curve was 12% lower in the exercise than in the control trial. There was no direct evidence for the mechanism behind the reduction in TAG after the resistance exercise. There was a tendency toward increased non-esterified fatty acid (NEFA) concentrations in the exercise trial. Increased delivery of NEFA to the liver in the postprandial period could increase hepatic VLDL-TAG output. However, the significant increase in ketone body (i.e., 3-hydroxybutyrate) concentration in the exercise trial in this study suggests that NEFAs were being oxidised rather than esterified in the liver, possibly in response to the energy deficit created by exercise. There is some evidence, therefore, for a decreased VLDL output after resistance exercise. Other researchers have suggested increased skeletal muscle LPL activity is the main mechanism behind improvements in postprandial lipaemia after resistance exercise \[[@B48]\], but again direct evidence is lacking. In terms of the practical application of our findings with resistance exercise, these suggest that workers whose jobs involve heavy manual labour throughout the day (e.g., builders and construction workers) may gain some benefit in terms of lowered postprandial lipaemia.

Whilst almost all of the existing studies support an effect of accumulated exercise on postprandial TAG concentrations caution is needed in translating these data to public health recommendations. Almost all of these studies have involved healthy young populations. Data for inactive, overweight/obese individuals at risk of cardiovascular disease and older populations are needed because excursions in TAG concentrations after meals are likely to be exaggerated in these individuals compared with their healthy peers \[[@B49]-[@B51]\]. Moreover, many of the studies presented in [Table 1](#T1){ref-type="table"} involved the accumulation of a relatively high volume of exercise (≥2 MJ =\>478 kcal), which may be unattainable for some individuals on a regular basis. Only three studies have attempted to examine obese, older or at risk patients with mixed results \[[@B41]-[@B43]\]. Thus, further evaluation of the minimum amount of accumulated physical activity for reducing postprandial lipaemia is needed in these populations if laboratory efficacy studies are to be translated into lifestyle recommendations.

POSTPRANDIAL LIPAEMIA: STUDIES COMPARING ACCUMULATED EXERCISE WITH CONTINUOUS EXERCISE
======================================================================================

To our knowledge, four studies have compared the effects on postprandial lipaemia of exercise performed in short bouts ≥10 minutes with one continuous bout, matched for total energy expenditure \[[@B41],[@B42],[@B44],[@B45]\]. Gill et al. \[[@B44]\] were the first to demonstrate that in healthy men there was a comparable reduction in postprandial plasma TAG concentrations after three, 30 minute bouts of running versus one continuous 90 minute run of equal intensity (60% of maximum oxygen uptake). The total postprandial plasma TAG response to a standardised fat meal measured over a 6-hour observation period was reduced by 18% compared with the control trial in both the continuous and short bouts of exercise trials. Murphy et al. \[[@B41]\] extended the findings of Gill and colleagues by examining accumulated exercise of a duration more consistent with the minimum recommended volume of physical activity. In this study participants performed 30 minutes of walking either in one continuous bout before breakfast or in three short (10 minute) bouts; one before breakfast, one before lunch and one before an early evening meal. The exercise intensity was the same on both trials (60% of maximum oxygen uptake). Both patterns of exercise reduced postprandial plasma TAG concentrations to a similar extent with the greatest reductions in TAG concentrations observed in the late afternoon/early evening. Since plasma NEFA concentrations did not differ significantly between control and exercise trials, the authors concluded that increased lipoprotein lipase activity was the most likely explanation for the reductions in postprandial TAG concentrations during the exercise trials.

Similarly, Altena et al. \[[@B45]\] have shown that accumulating short bouts of exercise (3×10 minutes, 20 minutes recovery between bouts) reduce incremental plasma TAG concentrations in healthy young males and females during an 8 hour postprandial observation period. However, this study did not observe any reduction in incremental plasma TAG concentrations after continuous exercise (30 minutes) despite a similar energy expenditure (1 MJ=245 kcal) in the accumulated and continuous exercise trials. This study concluded that energy expenditure may not be the only determinant of postprandial TAG responses, and the authors speculated that excess post-exercise oxygen consumption may be one factor responsible for reducing postprandial TAG concentrations. We attempted to evaluate this proposal in one study. In order to address this issue we measured recovery oxygen uptake for 5 minutes after each bout of running in an accumulated exercise trial (10×3 minutes, 30 minutes recovery between bouts), and these measurements were also made at equivalent time points in a continuous exercise (1×30 minutes), and control trial (data were collected in the study described in \[[@B46]\]). We found a significantly higher total oxygen uptake in the accumulated exercise trial (38.2±1.7 L) than in the continuous exercise (20.1±0.9 L) and control (16.8±0.8 L) trials (Unpublished data). However, there was a comparable reduction in postprandial TAG concentrations between accumulated and continuous exercise trials the next day \[[@B46]\]. Our data indicate that excess post-exercise oxygen consumption was not the factor responsible for the reduction in postprandial lipaemia. Excess post-exercise oxygen consumption is short lived after short bouts of exercise and the extra energy expended from this is probably insufficient to influence postprandial TAG concentrations. It is worth noting that there was no control for menstrual cycle phase in the females in the study by Altena et al. \[[@B45]\] and this was a confounding factor since it is known that postprandial plasma TAG responses are lower in the luteal than the follicular phase of the menstrual cycle \[[@B52]\]. Finally, Mestek et al. \[[@B42]\] examined TAG responses to a standardised high-fat test meal after walking with a total estimated energy expenditure of 2.1 MJ (500 kcal). The participants were sedentary men with the metabolic syndrome who completed four trials: 1) control, 2) continuous low intensity walking (35% to 45% of peak oxygen uptake), 3) continuous moderate intensity walking (60-70% of peak oxygen uptake), and 4) accumulated moderate intensity walking. In contrast to the three previous studies \[[@B41],[@B44],[@B45]\], the key finding was that single bouts of low- and moderate-intensity walking, but not accumulated walking (2×1.05 MJ/session) lowered postprandial TAG concentrations. The reason that Mestek et al. \[[@B42]\] did not observe a reduction in postprandial lipaemia after accumulated exercise is unclear but they speculated that exercise may need to be distributed over more than two sessions. This suggestion is feasible because increases in muscle blood flow after multiple bouts of exercise may enhance exposure of TAG to skeletal muscle lipoprotein lipase, the enzyme responsible for hydrolysis of circulating TAG \[[@B53]\]. However, there is little direct data to support this hypothesis and further study is required to address this issue.

The majority of evidence from these four studies \[[@B41],[@B42],[@B44],[@B45]\] suggests that accumulated exercise is as effective as continuous exercise for reducing postprandial TAG concentrations and that reductions can be achieved with a total energy expenditure in line with the physical activity guidelines \[[@B5],[@B54],[@B55]\]. However, none of these studies employed exercise bouts lasting less than 10 minutes in duration. Thus, based on these studies it is not clear if accumulating 30 minutes of exercise in very short bouts lasting less than 10 minutes in length, lowers postprandial TAG concentrations. This is an important question to answer for individuals whose occupational activity patterns involve short bouts of activity repeated throughout the day (e.g., postman, gardeners and cleaners) and for individuals with a limited exercise capacity who cannot exercise in long continuous bouts. Moreover, from a physiological standpoint, if energy expenditure is the prime determinant of postprandial TAG reductions, it should follow that individuals should be able to accumulate exercise in almost any pattern and still gain benefit as long as the total daily energy expenditure of exercise is sufficient.

Three studies have examined this issue and compared the effect on postprandial lipaemia of exercise performed in very short bouts (\<10 minutes) versus one continuous bout \[[@B43], [@B46],[@B47]\]. In one of our previous studies, we compared the effects of continuous versus accumulated running with a total energy expenditure of 2.0 MJ (476 kcal) in young healthy males \[[@B46]\]. The participants completed three, two-day trials: 1) control, 2) 30 minutes of continuous running, 3) 10, 3-minute bouts of running with 30 minutes rest between each. The exercise intensity was ≥70% of maximum oxygen uptake. The total area under the postprandial plasma TAG concentration versus time curve was 22% and 24% lower on the accumulated and continuous running trials, respectively, compared with the control trial. We extended this finding \[[@B47]\] by examining short bouts of walking as opposed to running \[[@B46]\]. Accumulating ten, 3 minute walks (1.1 MJ=265 kcal in total) at a self-selected pace, over the course of one day, reduced postprandial plasma TAG concentrations on the next day to a similar extent as that observed after 30 minutes of continuous walking. These findings are supported by a study by Miyashita \[[@B43]\] showing similar reductions in postprandial lipaemia after low volume (total estimated energy expenditure 0.9 MJ (200 kcal) cycling performed in either one continuous 30 minute bout or in 10, 3-minute bouts. Importantly the participants in this study were obese young men exercising at approximately 60% of maximum heart rate.

The evidence from these three studies is consistent and collectively demonstrates that accumulating exercise in short (\<10 minutes) bouts is sufficient and as effective as continuous exercise for lowering postprandial lipaemia in young healthy and obese men \[[@B43],[@B46],[@B47]\]. To date, no one has established the shortest exercise duration that can be accumulated to lower postprandial TAG concentrations. It is also worth noting that it is not known to what extent these observations are clinically relevant as there is no defined clinical cut-off point for postprandial lipaemia. Nonetheless, elevated non-fasting TAG concentrations are an independent risk factor for cardiovascular disease and all-cause mortality in men and women \[[@B26],[@B27]\]. An increase in non-fasting TAG from 1.00-1.99 mmol/L to 2.00-2.99 mmol/L in the Copenhagen City Heart Study increased the age-adjusted hazard ratio for myocardial infarction to 2.2 in females and 1.6 in males. A Norwegian study found that non-fasting TAG levels of \>3.5 mmol/L versus \<1.5 mmol/L were associated with a 5-fold increase in risk of death from coronary heart disease and a 2-fold risk of all-cause death in women \[[@B56]\]. Thus, a small change in postprandial TAG concentrations brought about by physical activity could have important public health implications from the point of view of reducing cardiovascular disease risk and mortality. Indeed the 16% reduction in postprandial TAG concentrations we observed with only 30 minutes of accumulated walking (1.1 MJ) would be sufficient to reduce an individual\'s non-fasting TAG from 3.5 to \<3.0 mmol/L \[[@B47]\]. Moreover, a recent prospective cohort study has demonstrated that as little as 90 minutes a week (15 minutes a day) of physical activity is sufficient to reduce mortality and extend life expectancy among Taiwanese men and women \[[@B57]\]. Thus, it seems feasible that the small volume of physical activity needed to change postprandial TAG concentrations is likely to be clinically important despite a lack of long-term observations relating to physical activity, non-fasting TAG and clinical endpoints.

IMPLICATIONS FOR PROMOTING PHYSICAL ACTIVITY/EXERCISE
=====================================================

It is difficult to determine if individuals in real-life would ever choose to accumulate leisure-time physical activity in such disparate patterns (i.e., performing lots of short bouts of activity throughout the day) as used in our experiments \[[@B43],[@B46],[@B47]\]. Nevertheless, we and other groups demonstrate that for reductions in postprandial TAG to occur the total energy expenditure of physical activity is more important than the pattern of physical activity. Collectively, such data have implications for individuals whose occupational activity is intermittent. Moreover, older adults, with limited capacity to perform exercise for long periods because of low fitness or pre-existing disease, could potentially benefit from these findings because they may be able to perform bouts of physical activity similar in duration to those described here. Future studies need to investigate these factors. Furthermore, the finding that a reduction in postprandial lipaemia may be achieved by accumulating exercise in multiple short bouts may encourage more individuals to incorporate a small amount of activity into their lives. Such factors are important for public health policy because estimates in many countries suggest that most individuals do not complete sufficient amounts of physical activity to meet the guidelines set out by expert panels \[[@B5],[@B54],[@B55]\].

SUMMARY AND CONCLUSIONS
=======================

This review highlights recent data suggesting that accumulating activity is an additional option for lowering postprandial TAG concentrations. Although more research is needed to support the efficacy studies described in this review, it is hoped that the information provided here will help shape future guidelines on physical activity and health. In particular, the available data could have implications for older adults with an impaired capacity to achieve daily exercise guidelines and future research should address this question. Furthermore, there is no data from free-living situations demonstrating that accumulating physical activity can attenuate daytime TAG concentrations. Given that most individuals should be able to achieve bouts of activity similar in duration and intensity to some of those described here it is important to examine individuals undergoing their daily routines.
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TAG, triacylglycerol; VO~2~, oxygen uptake; RM, repetition maximum; HR, heart rate; NS, not significant.

^1^Values are compared with the control trial.
